We have used transmission electron microscopy techniques to study the nature of dislocations, stacking faults, twins, and grain boundaries in CVD (chemicalvapor-deposition) diamond thin films. Perfect a/2(110) and partial a/6(112) and a/3(lll) type dislocations are observed; the partial dislocations are also associated with twins and stacking faults. The most common defect in diamond thin films, particularly in (110) textured films, is 2 = 3 grain boundary or the primary twin. These twins in (110) textured films can lead to formation of fivefold microcrystallites. We have also investigated the splitting of 2 = 9 grain boundary (second order twin) into two X = 3 boundaries or primary twins via reaction 29 = 223. A rapid thermal annealing treatment has been shown to result in annealing of 2 = 3 boundaries and produce "defect-free" regions in thin films. A mechanism of annealing (removal) of 2 = 3 boundaries is discussed. Atomic structure and energetics of dislocations, twins, and grain boundaries are calculated using Tersoff potentials. The calculated atomic structure for 2 = 3 boundary is compared with high-resolution TEM images and a good agreement is obtained. These boundaries consist of periodic units of 5-7 rings which are similar to the core structure of 90° a/2(110){001} dislocations. The energy of the 5-7 rings in the grain boundaries is considerably lower, due to overlapping and strain cancellation effects, than that associated with single dislocations. The 5-7 ring energy and consequently the boundary energy increases as the overlapping effects decrease. An interesting analogy between the diamond and silicon results is drawn.
I. INTRODUCTION
Diamond thin films have been successfully grown by a variety of chemical deposition methods, including filament-assisted CVD, plasma (microwaves, rf, or dc) CVD, plasma jets and torches, and very recently combustion flames.1"7 For a recent review, it is suggested that the reader consult Refs. 8-10. Thin film growth has been found to be epitaxial only on diamond substrates with all three axes of the film having a definite orientation relationship with the underlying substrate. In other substrates including silicon, MoC, BN, WC, etc., the films are polycrystalline with average size ranging from 1-20 jum.11'12 During initial stages of growth, the diamond films have been observed to exhibit predominance of (110) and (100) textures.11'12 The (110) textured growth seems to promote the formation of primary twins (2 = 3 grain boundaries), whereas growth in other orientations has a predominance of dislocations. The (110) oriented grains meet and result in the formation of 2 = 9, 19, and 33 grain boundaries. Some boundaries of these types have been investigated using high-resolution transmission electron microscopy (HRTEM) in germanium,13 and calculations of atomic structures14 have been performed using StillingerWeber potentials.15 Similar studies have not previously been performed in diamond due to lack of appropriate specimens and interatomic potentials.
In this paper, we characterize dislocations, twins, and grain boundaries. The twins (2 = 3 boundaries) observed are similar to the deformation twins consisting of a/6(211) Shockley partials. A mechanism of annealing of these twins, which are detrimental to electronic device fabrication, is discussed. Atomic structure and energy of dislocations, twins, and grain boundaries are calculated using Tersoff potentials,16 and their properties discussed.
II. EXPERIMENTAL
Diamond films were deposited on (100) silicon single crystal substrates by two techniques in this investigation. In hot-filament assisted CVD the deposition conditions were as follows: filament temperature -2000 °C, mixture of 0.5-1.5% methane in hydrogen, substrate temperature ~800°-900 CC, distance between filament and substrate 6-9 mm, and chamber pressure -20-60 m Torr. Under these conditions growth rates of -2-5 /Am per hour have been obtained. In the second method, diamond thin films were synthesized by a dc discharge plasma using a mixture of methane and hydrogen. The methane-to-hydrogen ratio was varied Wavenumber (cm"') FIG. 1. Raman spectrum of a diamond deposit. The peaks at 1332 cm"1 indicate the presence of sp3 (diamond) bonding, and the broad peak at about 1550 cm"1 is due to graphitic sp2 bonding.
from 0.2 to 2%, and good films were obtained at the lower ratios (-0.5%). The higher methane-to-hydrogen ratios tended to promote the formation of the graphitic phase and sp2 bonding.
III. RESULTS AND DISCUSSION
Figure 1 shows a typical Raman spectrum from H-F CVD films containing the 1332 cm"1 peak due to sp3 bonding in the film. The spectrum was taken under microbeam conditions. A small peak centered at 1550 cm"1 indicates the presence of sp2 bonded material, presumably in the areas between the crystallites. It should be noted, however, that the sensitivity of the Raman technique to the sp2 bonded phase of the carbon is approximately two orders of magnitude greater than to the sp3 bonded phase. The Raman efficiency of crystalline diamond is (4.9-6.0) x 10~7 cm"1 compared to that of the crystalline graphite phase (3.0-4.3) x 10~9 cm"1. Therefore, a small peak around 1550 cm"1 in the spectrum indicates a very small quantity of sp2 bonded phase in the material.1112
Figures 2(a) and 2(b) show SEM micrographs of HF-CVD deposited film on (100) silicon substrate. Diamond crystallites as large as 10 p,m were observed in these deposits. Most of these crystallites were found to contain fivefold symmetry with the predominance of (110) texture. When these crystallites meet they produce (110) grain boundaries. Figure 2 (c) shows a micrograph where (110) crystallites are almost touching each other. The atomic structure of such boundaries has been modeled and the results are discussed later. Our understanding of nucleation of the diamond phase is still quite limited. Since the diamond atomic potentials are so different compared to many common substrates such as silicon, nucleation of the diamond phase is a difficult step. Strain centers such as those found along the substrate scratches may help the nucleation process. Figure 2 (d) clearly shows enhanced nucleation along the scratches. However, it should be noted that diamond crystallites can also nucleate on the silicon surface without scratches. Figure 3 shows «/2(110) perfect dislocations in the diamond film. It was noted that grains oriented away from (110) orientation such as (112) contained primarily dislocations. A comparison of bright field and weak beam dark field shows that these dislocations are not split. Since the image width of dislocations in weakbeam dark-field micrographs is considerably smaller than that in bright-field electron microscopy, the nature of dislocation splitting and reactions can be studied in detail. However, an example of dislocation splitting is shown by an arrow in Fig. 3 . The partial a/6(211) dislocations associated with twins and stacking faults are observed, as shown in Figs. 4 and 5.
The most common defect in (110) textured films is a twin boundary (X = 3), as shown in the high-resolution TEM micrograph (Fig. 4) . The diamond cubic structure can be conveniently described by a stacking sequence of {111} planes in the form of .. Aa Bb Cc.. .A stacking fault of intrinsic type along {111} planes is created by displacing a plane to its next position. For example, the sequence AaBbCcAaCcBbCcAaBbCc contains a fault because the Bb plane has been displaced to Cc by a vector a/6(211) (Shockley partial), which is equivalent to a missing Bb plane. It should be noted that X = 3 boundary or coherent twin boundary is formed by introducing Shockley partials in every plane above the boundary of an Aa {111} plane. As an example, .. AaBbCcAjaCcBbAaCcBbAaBbCc.., where a coherent twin is bounded by Aa-Aa planes. In the twinned region, the first and second order distances remain the same as those of diamond with sp3 bonding energy. By introducing Shockley partials in alternate planes, one obtains a hexatic phase of diamond (lonsdaleite). Using the above sequence and introducing Shockley partials in alternate planes above Aa, we obtain ..AaBbCcAjaCcAaCcAaCcAjaBbCc... This phase is expected also to have sp3 bonding, as first and second order distances remain the same as those of the diamond cubic phase. Figure 5 shows a fivefold microcrystallite, the boundaries of which contain X = 3 twin boundaries. Interestingly, the angle between X = 3 twin boundaries in these microcrystallites was found to vary from 70.53° (equilibrium) to 74°.12 The angles above 70.53° obviously resulted in large bond bending effects. In some cases, additional tilt at these boundaries was introduced by Frank dislocations, as shown by F in Fig. 5 . The additional tilt (away from exact coincidence of 70.53°) introduced by an array of edge dislocations is given by AO = \bf\/df where \bf\ is the magnitude of the Burgers vector of Frank dislocations and df is the mean distance between them. It is interesting to note that a Frank dislocation produces a grain boundary step. The boundary of fivefold microcrystallites requires formation of a fivefold ring which can be provided by twins or 90° a/2(110) type dislocations.12
The coherent twins can be annealed by a rapid thermal annealing (RTA) treatment (-1000 °C for 5-30 s). Figure 6 shows elimination of twins after the RTA treatment. These twins before the annealing treatment lie in two conjugate {111} planes. The mechanism of formation of these twins in Cu-Ge alloys has been discussed by Mori et al.11 The mechanism of annealing (removal) of these twins is shown schematically in Fig. 7 The perfect dislocations are absorbed in the grain boundaries and thus twins are eliminated. Figures 6(a) and 6(b) clearly show the formation of "defect free" regions by this mechanism. The bending of primary twin from primary to conjugate planes is clearly demonstrated in Fig. 6(c) , confirming the proposed mechanism, as shown by the arrow. 
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order ot magnitude higher (see Table I ) than that of the X = 3 boundary. This suggests that the above boundary triple points observed in diamond films represent a growth-related defect, and cannot satisfy Herring's
As the CVD process proceeds, the (Oil) oriented microcrystallites continue to grow and generate grain boundaries between them as they meet. Thus, the polycrystalline (Oil) textured films are expected to contain more complex boundaries such as X = 9, 19, and 33. Figure 8 shows the presence of a X = 9 boundary in a (110) textured thin film. This misorientation associated with boundary was determined to be 39.0°. It is interesting to note that the X = 9 boundaries often split into two X = 3 boundaries.18 A schematic representation of this process is depicted in Fig. 9 , which shows the orientation of {111} planes in different grains constituting X = 3 and X = 9 boundaries. In Fig. 8 , X = 9 and X = 3 boundaries are depicted by 9 and 3, respectively, criterion19 based upon the equilibrium conditions at the triple point.
We present results of calculations of atomic structures and energies of perfect (90° and 60°) and partial (90°) dislocations and grain boundaries using Tersoff potentials.16'20 Using these potentials, the calculations were made for both silicon and diamond.
The form of energy E, as a function of the atomic coordinates, is given by where E is the total energy of the system, given by site energy Et or a bond energy V^. The function fR is a repulsive pair potential and fA represents an attractive pair potential associated with bonding. The function fc is a smooth cutoff function to limit the range of the potential. The above-mentioned functions are given by, 
The function by is a novel feature of the potential which represents a measure of the bond order. The 6ijk is the angle between bonds ij and ik, where
The Tersoff potential is based on Morse-type interactions, the parameters of which were determined by fitting them to a database consisting of real and hypothetical bulk polytypes of silicon and also to the bulk modulus and bond length of the diamond structures. The elastic properties from this potential give diamond cubic structure as the most stable form for silicon, but the three elastic constants were still reproduced to only within about 20%. The potential describes the structure of liquid and amorphous states very well and energies and bond lengths of polytypes are well reproduced, but energies of some surface geometries are less accurate.16
The total energy of a dislocation can be expressed as
where the first term represents the contribution from the long-range elastic field and the second term represents the core energy. In the above equation fi is the shear modulus, v is the Poisson's ratio, R is the radial distance from the dislocation line, and Rc is the core radius. Figure 10 shows a calculated structure for a 90°a /2(110){001} dislocation, the core of which consists of a pair of five-and sevenfold rings. The details of these calculations are published elsewhere.20'21 The core structure of 90° dislocations does not contain any dang-
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[011] ling bonds, as do the structures of 60° a/2(110){lll} perfect dislocations. The calculations yield E vs In R plots, from which Ec, Rc, and slope fib2 (1 -v cos20)/ 4TT(1 -v) (where 6 is the angle between the Burgers vector and the dislocation line) are directly extracted. The radius Rc corresponds to a point in the curve where it deviates from linearity. Table I lists ET, Rc, and /xb2 (1 -v COS20)/4T7-(1 -v) for 90° a/2 (110}{001} and 60°a/2(H0>{lll} perfect, and 90°fl/6(211){lll} partial dislocations in diamond. The core energy of the 90° perfect dislocations (2.38 eV/A) is the lowest despite the fact that it lies on a sessile {001} plane. The 60° perfect dislocations in {111} plane have dangling bonds associated with them, which increase core energy of dislocations. The Tersoff potential is able to handle large distortions associated with dangling bonds. It is also interesting to note that the core energies of dislocations do not scale with the magnitude of the Burgers vector, but the long-range elastic energy components and slopes do. Table II includes the energies of 5-7 rings at the X = 9, 19, and 33 grain boundaries. These values are lower than that for an isolated dislocation (a/2(110){001}) because of core overlapping and strain cancellation effects at the boundaries.
We present results for (011) tilt boundaries in diamond (a0 = 3.56 A). Although the simulations shown in Figs. 11-14 were performed for diamond using Tersoff potentials, the structures (not the energies) for silicon were very similar and could be scaled with the lattice constants. The atomic structure was calculated by energy minimization techniques developed for grain boundaries. A preliminary structure of grain boundaries was obtained by coincidence site lattice (CSL) modeling with a minimum number of dangling bonds. The CSL structures were then refined by relaxing the atom positions to minimize the energy of the structure. The minimization procedure employed in these calculations is similar to that used for calculating the energy and atomic structure of dislocations.20 The X = 9, 19, and 33 boundaries were found to contain pairs of structure and energetics of these boundaries have been five-and sevenfold rings with different periodicity. Since the core structure of a/2(110) perfect dislocations lying in {001} consists of five-and sevenfold rings, the in (Oil) orientations in diamond cubic lattice. The calculated structure is found to be in good agreement with the experimental images of X = 3 boundaries shown in Figs. 4 and 5. Two columns of atoms representing (Oil) chains appear as a single dot in the HRTEM micrographs. The X = 3 boundary contains hexarings (sixfold rings) characteristic of trie bulk diamond structure. The first and second nearest neighbor distances remain unchanged around the X = 3 boundary. The energy associated with third and higher order distances is estimated to be less than 10% of the total energy. The calculated energies for X = 3 boundaries for silicon and diamond using Tersoff potentials are close to zero (as shown in Table I ), because these potentials consider only the two-body (first nearest neighbor) and the three-body (second nearest neighbor) interactions.
The simulated structure for X = 9(011) tilt boundary (0 = 38.94°) in {122} planes is shown in Fig. 12 . The structure contains displaced five-and sevenfold rings consistent with a glide-plane model.22 The calculated periodicity of 7.55 A along the boundary is consistent with the CSL periodicity of |a/2(411)|. The energies for X = 9 boundaries were calculated to be 524.82 ergs cm"2 for silicon and 3610.52 ergs cm"2 for diamond (see Table I ). The energies for a/2(110){001} dislocations were determined to be 0.51 and 2.38 eV/A, using Tersoff potentials for silicon and diamond, respectively. The energy of the 5-7 ring (length 6 A) associated with the dislocation core is 6.0 eV, obtained by multiplying the core energy by interplanar distance ao/V2. However, the energy of the 5-7 ring (length 3.78 A) in the X = 9 boundary was found to be considerably lower (2.21 eV) due to overlapping of core regions and cancellation of strain fields.
The results for X = 19(011) tilt boundary (0 = 26.53°) in {133} planes are shown in Fig. 13 . The boundary contains symmetric five-and sevenfold rings. The energies were calculated to be 572.03 for silicon and 4096.31 ergs/cm2 for diamond. The energy associated with the 5-7 ring in the X = 19 boundary was found to be higher than that for X = 9, but it was lower than that for the X = 33 boundary. This is a direct result of less overlapping and cancellation of strain fields in the core regions of the dislocations. This implies that the boundaries cannot be treated as sets of independent dislocations. If the boundaries are considered as independent sets of a/2(110){011} dislocations and relaxations between the dislocations are neglected, then the energy values are considerably higher, approaching the single dislocation 6.0 eV per 6 A length. Figure 14 shows the calculated structure for the X = 33(011) tilt boundary (0 = 20.05°) in {344} planes. The energy of X = 33 boundary was calculated to be 820.05 erg/cm2 for silicon and 5267.29 erg/cm2 for diamond. The boundary consists of two pairs of five-and sevenfold rings separated by a single hexaring. The energy of the 5-7 ring (length 7.23 A) is 6.0 eV. Thus, the energy of 5-7 ring increases from 0.582 eV/A for X = 9 to 0.666 eV/A for X = 19 to 0.830 eV/A for X = 33 boundaries. The overlapping effects and cancellation of strain fields decrease with decreasing boundary angle, approaching the value 1.0 eV/A associated with single dislocations. The X = 33 boundary has also been shown to decompose into X = 3 and X = 11 boundaries (X = 33 -> X = 3 + X = 11). The details of configurations, CSL period, and energy per 5-7 ring are summarized in Table II .
IV. CONCLUSION
In conclusion, we have determined the nature of dislocations, twins, and grain boundaries in CVD diamond thin films. In (110) textured films, the most common defect is a/6(211) twin. These twins can lead to formation of fivefold microcrystallites. When (110) oriented grains meet, they often result in the formation of X = 9, 19, and 33. The splitting of X = 9 boundary (second-order twin) into two X = 3 boundaries has been investigated. The grains with other orientations such as (112) contain a/2(110) perfect and a/6(211) partial dislocation. The dislocations and grain boundaries were modeled using Tersoff potentials, and it is shown that these boundaries consist of 5-and 7-membered rings, similar to a/2(110) dislocations lying in {001} planes. The grain boundary energies for X = 9, 19, and 33 boundaries are calculated and the results are rationalized in terms of experimental observations. The energy associated with a pair of 5-7 rings in the grain boundaries was calculated and compared with that associated with single dislocations. The energy of the 5-7 ring pair was found to increase with decreasing angle, and for X = 33 (0 = 20.5°) it was close to the value for isolated a/2(110){001} dislocations. This suggests that the boundaries with angles lower than 20.5° can be treated as arrays of independent edge dislocations.
